Background: Local ablative treatments of extracranial metastases are increasingly used in renal cell carcinoma (RCC), but their impact on outcome and toxicity remains unclear. Objectives: To perform a systematic review on the efficacy and toxicity of stereotactic body radiotherapy (SBRT) and radiofrequency ablation (RFA) for the treatment of distant extracranial RCC-metastases. Methods: Search strategy: Pubmed, Embase and the national trial register were searched for the combination of metastatic RCC and SBRT or RFA. Eligible studies were original comparative studies with at least 10 patients per treatment arm, published since 2000 and reporting on at least one of: local control, overall or cancer specific survival, symptom control, toxicity. When possible, hazard ratios were calculated from survival curves.
INTRODUCTION
In the treatment of renal cell carcinoma (RCC), as in other cancers, there is a trend towards a more aggressive and often ablative local treatment of metastases [1] . The rationale behind this strategy is twofold. On the one hand there is the increasingly popular hypothesis of an oligometastatic state, where ablative treatment of all metastases could result in definitive cure [2, 3] . On the other hand, the increasing life expectancy due to better systemic treatments results in the need of durable local symptom control, or potentially the treatment of oligoprogressive metastases in otherwise controlled systemic disease. Although local treatment of metastases with the aim of symptom palliation is well established, the place of local ablative treatments remains unclear. In RCC, complete metastasectomy is recommended as treatment of choice in patients presenting with limited and resectable disease after a long disease free interval [4] [5] [6] . Although metastasectomy is by now well established in the treatment of RCC, this guideline is based on observational retrospective studies with high selection bias. Other local ablative treatments, for which less evidence is available, are now being increasingly used: stereotactic body radiotherapy (SBRT), radiofrequency ablation (RFA), thermal ablation, cryoablation, laser resection . . . of these, SBRT and to a lesser extent RFA are the most reported.
RCCs have historically been considered to be radioresistant tumors, because of the poor response of RCC-cellines to radiation in vitro and the disappointing results of conventional radiotherapy (CRT) in the (neo)adjuvant setting [7] [8] [9] [10] [11] [12] . However, the mechanism of cell death at high-dose per fraction as in SBRT, is different from that of cell death caused by CRT and seems independent of intrinsic radiosensitivity [13, 14] . Conventionally fractionated radiotherapy at 1.8-3Gy/fraction (fx) causes tumor cell death through oxygen-dependent DNA-damage. Meanwhile the transient waves of hypoxia result in upregulation of angiogenic factors, thus protecting tumor endothelium. Single doses of 15-20Gy/fx however, cause a rapid destruction of the microvasculature, which could cause sublethal radiation-induced damage in cancer cells to become lethal. Another rare but welcome side effect of SBRT is the abscopal effect [15] . This effect is best described as radiation causing tumor regression at non-irradiated sites, which occurs likely through enhancement of tumor-specific immunity. The incidence is unknown, but it seems more frequent in immunogenic tumors such as RCC and melanoma [16, 17] .
In primary RCC, RFA can be used as an alternative to (partial) nephrectomy in patients presenting with small cortical tumors that are poor candidates for surgery, although non-inferiority to surgery has not yet been conclusively demonstrated [5, 18] . The technique is currently being used for treatment of metastases as well, both in-and outside the kidney [19] .
In short, of all local ablative metastasis treatments in RCC, metastasectomy is the only with a well-established role. SBRT and to a lesser extent RFA are gaining popularity. Dabestani et al. have recently published an excellent review on RCCmetastasectomy [6, 20] . Intracranial metastases in RCC are usually treated according to tumor-agnostic guidelines [21] . Stereotactic radiotherapy for intraand extracranial metastases in RCC has been systematically reviewed by Kothari et al in 2015 [22] . However only one comparative study was included for extracranial metastases [23] .
We wished to systematically review the efficacy and toxicity of the treatment of distant extracranial metastases in RCC, with SBRT or RFA, considering only comparative studies.
METHODS
The review was done according to the preferred reporting items of systematic reviews and metaanalyses (PRISMA) guidelines [24] .
We searched Pubmed and Embase for articles published from 2000 till August 2017, without language restrictions. As search terms, we used the combination of "renal cell carcinoma", "metastatic" and "stereotactic radiotherapy or radiofrequency ablation". For all three terms, both MeSH/emtree terms and free text words were used. Alternative search terms for RCC included the different histological variants as described in the 2016 ESMO guideline [5] . The exact search strategy is provided in the supplementary materials. Reference lists of selected studies were screened for extra publications. www.clinicaltrials.gov was searched for the combination of "renal cell carcinoma, metastatic" and "radiotherapy".
Eligibility criteria for studies to be included were: RCC with distant extracranial metastases, treated with SBRT or RFA and compared with other local therapy, systemic therapy or no therapy. At least one of the following outcomes had to be reported: local control rate (LCR), overall or cancer specific survival, symptom control or toxicity. The scheme of SBRT and control therapy had to be reported. Only original studies with at least ten patients per treatment arm were accepted. Studies with mixed tumor types, intracranial metastases or local relapse could be included if separate results were reported for extracranial RCC-metastases. If studies reported on overlapping patient cohorts, the most recent one was selected.
The first author was responsible for the search, study selection and data extraction. In cases of doubt, a second author (BB) reviewed abstract and full text and decisions were made by consensus. Data were extracted using a pre-designed form, provided in the supplementary materials. We extracted data on study design, time period, center, funding, participants, intervention and comparator, outcome (LCR, overall or cancer specific survival, symptom control, toxicity) and systematic differences between treatment groups that could influence outcome. If hazard ratios were not reported, they were calculated wherever possible using the spreadsheet developed by Matthew Sydes [25] . This was done using presented Kaplan Meier curves, presuming a constant hazard ratio and censoring rate.
The risk of bias in randomized controlled trials was assessed with the Cochrane Collaboration risk of bias instrument and that of non-randomized comparative studies with the Cochrane Non-Randomized studies group [26] . We predefined and screened for other possible sources of bias between treatment groups that are relevant for this setting: histology, performance status, Fuhrman grade, tumor volume, treatment site, previous, concomitant or later therapy and variable fractionation regimens within the same treatment arm.
RESULTS
The selection process of eligible studies is shown in Fig. 1 . We identified no studies on RFA that met the eligibility criteria. Eight studies on SBRT were included in the final review [23, [27] [28] [29] [30] [31] [32] [33] . Results are summarized in Table 1 . One study was an abstract only, one was a poster [27, 29] . Six considered only bone metastases, mostly spine, two included mixed locations [27, 32] . One study was prospective [28] . All studies included RCC only. Reporting on systematic differences between treatment groups was limited: four studies reported performance status, four age, four gender, four histology, five previous therapy, two concomitant therapy, two subsequent therapy, five target volume and three biological equivalent dose. No study reported metastatic load outside the treated region, Fuhrman grade or TNM-stage.
Metastatic location, SBRT regimen, comparator intervention and measured outcomes were heterogeneous between studies. In several cases, different SBRT or CRT regimens were used within the same treatment arm. It was therefore not possible to perform a meta-analysis or even to construct a forest plot summarizing the results. Only three studies Fig. 1 . Flow chart of study selection after literature search. Table 1 Summary of included comparative studies after literature search presented sufficient data to calculate hazard ratios. As knowing the hazard ratios would still not allow us to perform a meta-analysis, the study authors were not contacted. Instead, we provide a narrative synthesis of the results.
Local control

Spinal metastases
Two studies reported superior local control of spine metastases with single dose 24Gy versus SBRT with multiple fractions or lower dose single fraction. Zelefsky et al. reported an 88% 1-year LCR after single dose 24Gy, versus 65% and 63% with single dose 18-23Gy or 3x10Gy/fx [23] . Interestingly, the Kaplan Meier curves for time to relapse were overlapping for the low single dose and hypofractionated cohorts, whereas the relapse curve for the high single dose was clearly superior. Ghia et al. found a 1-year LCR of 95% after single dose 24Gy, versus 71% after a hypofractionated SBRT regimen (mostly 3x9Gy) [28] . In this study, single dose SBRT was the only significant predictor for superior local control on multivariate analysis.
Two studies reported superior local control of painful spinal metastases for treatment with hypofractionated SBRT versus conventionally fractionated radiotherapy regimens. SBRT doses were lower in these studies. The first found a 1-year LCR of 86% versus 29% in patients treated with median 4x5Gy SBRT versus a conventionally fractionated regime [30] . The second reported 74% versus 61% 1-year LCR after median 3x9Gy SBRT versus median 5x4Gy CRT [31] .
One study, by Miller et al., compared single fraction 16Gy with or without a tyrosine kinase inhibitor (TKI). In first line, the combination was better than SBRT alone (1-year LCR 96% versus 80%) [33] . In any line, SBRT with or without TKI was better than TKI alone.
Non-osseous metastases
One study included thoracic, abdominal and soft tissue metastases. It reported 100% versus 62% 1-year LCR for median 5x10Gy/fx SBRT (n = 36) versus median 10x4Gy/fx CRT (n = 17) [32] . As it reported, almost half of the CRT patients received only a low irradiation dose with palliative intent.
Overall survival
Five studies reported overall survival data. However, none of these had curative treatment of all metastases as main goal and none reported on metastatic load outside the treated location. Three studies did not find a significant difference in overall survival [28, 30, 32] . Two reported higher overall survival for SBRT compared with no or conventional radiotherapy respectively [27, 33] . In both, patients also received variable systemic therapies.
Symptom control
Three studies reported on the efficacy of SBRT versus CBRT on symptomatic bone metastases (mostly spine). The first showed more patients experiencing pain control with median 3x9Gy/fx SBRT versus median 5x4Gy/fx CRT: 75% versus 36% after two years [31] . The second reported al longer duration of pain relief in patients treated with single dose 15Gy versus median 5x4Gy/fx CBRT (4.8 versus 1.7 months, p = 0.095) [29] . There was a trend towards more complete pain relief (33% versus 12%). The third study reported a significantly larger drop in pain scores of patients treated with SBRT at median 4x5Gy/fx versus conventionally fractionated CBRT, without a significant difference in the number of patients experiencing pain relief and a similar number of patients requiring new local intervention later on (2 and 3 of 13) [30] .
Adverse events
Six studies reported on adverse events
The most notable adverse event was the occurrence of vertebral compression fractures (VCF) in patients with spinal metastases. Due to different dosing regimens, the risk is difficult to estimate. One study reported however an incidence of 21% in 108 patients treated with single dose 16Gy [33] , another an incidence of 46% in 13 patients treated with single dose 24Gy [28] and a third 5% in patients treated with single dose 18-24Gy [23] . In different hypofractionated SBRT regimens, the weighed incidence was 13% [23, 28, 30] . In two studies explicitly reporting on compression fractures in patients treated with CRT, the weighed incidence was 6.5%. No data on the use of bone protective agents (zolendronic acid, denosumab) were available.
Other toxicities were generally mild. In patients treated with single dose 24Gy, respectively 1/13 and 1/45 grade 3-4 toxicities were reported. Three studies comparing SBRT with CRT reported no difference in toxicities and no grade 4 toxicities [30] [31] [32] .
Two studies reported on concomitant systemic therapy and SBRT. In one, irradiating spine Table 2 Potential biases in the included studies metastases, only grade 1-2 toxicities occurred, both in the groups treated with SBRT alone and SBRT with TKI (tyrosine kinase inhibitor) [33] . In the other study however, that did not provide location, 23% grade 3 toxicities occurred in the group treated with SBRT and systemic therapy, compared to none in the CRT with systemic therapy group [27] . It was not clear which systemic treatments were used in both groups.
Risk of bias
Potential sources of bias for each study are shown in Table 2 . As all but one study were retrospective observational studies, the intrinsic risk of bias is very high. Moreover, as mentioned above, reporting of important clinical variables was often incomplete and radiation regimens often differed within the same treatment arm of a study. As SBRT is a relatively new technique, we can also assume a time bias with SBRT-patients treated more recently, when both radiation techniques and systemic therapy had improved. For an example, Ghia found better local control after single dose 24Gy than after hypofractionated SBRT, but also reported that the more recently treated single dose cohort achieved better coverage of the planned target volume [28] .
DISCUSSION
We aimed to assess the impact on outcome and toxicity of SBRT for extracranial RCC-metastases. However, we identified only eight eligible comparative studies, that were all but one retrospective and observational in nature. Sample sizes were small and used treatment regimens differed substantially between and within studies. All results should therefore be interpreted with utmost caution. Moreover, all but two studies reported only on bone metastases so results may not be generalizable to other locations. The results are discussed in the context of other published literature.
Overall survival
Although locally ablative techniques are hypothesized to prolong survival, none of the studies aimed explicitly to treat all metastases or oligoprogressive disease. Therefore, even when neglecting other biases, the effect on overall survival cannot be estimated. In one non-comparative RCC-study, 12 patients had all metastases treated with SBRT. After two years their LCR was 100%, but 64% had progressed at other sites [34] . Another large study reported significantly better local control in patients treated with curative versus palliative intent, but the numerical difference was not large (95% versus 88%) and overall survival data were not provided [35] . There are no comparative studies on SBRT versus metastasectomy, the latter being considered standard therapy though without a proven survival advantage [6] . One randomized trial exists, comparing local consolidative therapy with maintenance therapy in oligometastatic non-small cell lung carcinoma after first-line systemic therapy [36] . The investigators found a significantly longer progression free survival in patients that received local treatment, which could be SBRT, intermediate hypofractionated RT, radiochemotherapy or metastasectomy.
Local control
The most robust outcome data were on local control. All six studies reporting on local control were in favor of SBRT versus CRT or TKI and of high dose SBRT versus low dose SBRT. Most included only bone metastases. One year LCRs varied between 63% and 100%. Importantly, there seems to be a steep dose-response curve after SBRT. Zelefky reported the best LCR for treatment with single dose 24Gy and inferior, overlapping relapse curves for treatment with single dose 18 to 23Gy or 3x10Gy/fx [23] . Ghia also reported better outcome after single dose 24Gy versus 3x9Gy/fx [28] . These findings are consistent with other non-comparative studies. Greco et al noted a steep dose response curve for RCC-metastases at different locations, treated with single-dose 18-24Gy: LCR was 80% after 23-24Gy and 37% with less [37] . Recent reviews including mixed histologies, have suggested SBRT could result in 90% local control in spinal metastases treated with high dose single fraction, and in about 80% local control in liver and lung metastases treated with hypofractionated regimens [3, 38, 39] . Non-comparative retrospective series on SBRT for RCC-bone metastases report local control rates of 70-90% at one or two years, using different fractionation regimens [40] [41] [42] [43] [44] [45] . Other series including non-bone metastases find similar LCRs [34, 35, [46] [47] [48] [49] [50] . In a recent systematic review of mainly non-comparative series, the weighted LCR for extracranial RCC-metastases was 89% [22] . Two series that included both bone and non-bone lesions, explicitly reported a superior LCR in non-bone metastases. One found a median progression free survival of 15 versus 42 months in 89 bone and 48 non-bone lesions [46] . The other found a 1-year LCR of 86% versus 93% for spine versus non-spine (total 175 lesions) [35] . Patients with spinal metastases and instability or neurological dysfunction were typically excluded, no conclusions can be drawn for this population. In one non-comparative study observational study, 55 patients with painful, instable or threatening spinal metastases were treated with single fraction 19-20Gy and TKI. One and two-year local control rate were 94% and 90% [51] .
Symptom control
There was evidence of superior symptom control in bone metastases for relatively low dose SBRT compared to hyper-or hypofractionated CRT. Three studies showed respectively more patients experiencing pain relief, more patients experiencing complete pain relief and a higher drop in pain score. Other series on spinal RCC-metastases have reported 46% to 100% improvement in pain; one found 52% to be completely pain free after one year versus 23% before start of treatment [40, [42] [43] [44] [45] 51] . A review on SBRT for spine metastases of mixed histology found an average complete response rate of 54% [39] . A randomized phase III trial, RTOG 0631, is currently evaluating the effect of single dose 16Gy SBRT versus single dose 8Gy CRT in painful spinal metastases of mixed histology.
Adverse events
SBRT was well tolerated according to all studies. This is in line with other, non-comparative studies all reporting limited toxicity [34, 35, 40-44, 46, 47, 52, 53] . However, for spinal metastases the risk of VCF was substantial (incidence 0-46%), with the largest study in 151 lesions reporting 21% VCF after single dose 16Gy [33] . Thibault et al. assessed the risk of VCF in 227 RCC-lesions treated with median 1x19Gy/fx. They found and incidence of 16%: the risk of a de novo VCF was 7%, that of progression of a preexisting VCF 51%. Importantly, there was a strong relationship with dose per fraction, that remained highly significant after multivariate analysis: the risk was 43% after 24Gy/fx, 24% after 20-23Gy/fx and 12% after ≤19Gy/fx [52] . In another large series that included tumors of mixed histology, the incidence was 11%, with 2/3 being de novo VCF. The risk was linked to dose per fraction ≥20Gy and osteolytic lesions, as are typically found in RCC [54, 55] . A systematic review of mixed histologies found a weighted incidence of 9.4% [39] . Another feared complication of spinal radiotherapy is myelopathy, which is often the dose-limiting factor for the less accurate CRT. In the included series, only one case of grade 3 radiculopathy was mentioned [28] . For mixed histologies and different dosing regimens, the risk may be as low as 0.2% [39] .
Combination therapy
A recent area of active research is the combination of SBRT with systemic therapies. One hypothesis is that in oligoprogressive disease, local treatment of resistant lesions could allow continuation of a systemic treatment that is still effective for other metastatic sites. Another rationale is that of expected synergy between SBRT and systemic therapies. As SBRT has shown to stimulate tumor-specific immunity, testified by the rare abscopal effect, it might enhance the effect of other immunomodulatory drugs [56, 57] . A phase I and II trial combining high dose interleukin 2 (IL2) with SBRT showed increased response rates to IL2 compared with historical data [58, 59] . Numerous other trials are currently ongoing [60] [61] [62] [63] [64] [65] . The safety of combining SBRT with systemic therapies remains unclear [66] . In the IL2-studies "only expected toxicities" were reported. Miller reported similar, limited toxicity in 101 RCCpatients treated with single fraction SBRT with or without TKI [33] . In a phase I dose escalation trial, no dose limiting toxicities occurred in 13 RCC-patients treated with hypofractionated SBRT and pazopanib [67] . Several case reports have however been published concerning toxicities of combination strategies [68] [69] [70] . The risk is probably site dependent, as illustrated by a case of cardiac failure on sunitinib after previous irradiation of the chest wall and a case of bowel perforation on sorafenib after irradiation of L3-L5 [70, 71] .
CONCLUSION
We aimed to systematically review the efficacy and toxicity of SBRT and RFA for treatment of extracranial RCC-metastases. No studies on RFA that met the inclusion criterion were found. As for SBRT, due to the sparsity, heterogeneity and low quality of available data, it is not possible to make definite recommendations on its use. SBRT seems superior over CRT for local control and may result in better pain control. As it is generally well tolerated and more patient-friendly than conventionally fractionated schemes, SBRT is a good alternative to CRT in these settings. Optimal dosing needs to be determined, but in spine a single fraction of 24Gy seems superior over other SBRT schemes. As every fraction of SBRT requires the same accuracy and surpasses the safety threshold for critical normal organs according to the AAPM guidelines, there seems to be no clear advantage of multiple fraction schemes. However, in spinal metastases the risk of VCF is significant, especially at the more effective dose of 1x24Gy. Its incidence, clinical impact and optimal dosing to reduce the risk need further investigation.
There are no comparative data on SBRT versus surgery in the settings of curative intent or spinal metastases that are unstable or cause neurological deficit. In the latter case, surgery has priority if feasible.
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